An ageing population, increased physical activity and obesity are identified as lifestyle changes that are contributing to the ongoing growth in the use of in-vivo prosthetics for total hip and knee arthroplasty. Cobalt-chromium-molybdenum (Co-Cr-Mo) alloys, due to their mechanical properties and excellent biocompatibility, qualify as a class of materials that meet the stringent functional requirements of these devices. To cost effectively assure the required dimensional and geometric tolerances, manufacturers rely on high-precision machining. However, a comprehensive literature review has shown that there has been limited research into the fundamental mechanisms in mechanical cutting of these alloys. This article reports on the determination of the basic cutting-force coefficients in orthogonal cutting of medical grade Co-Cr-Mo alloy ASTM F1537 over an extended range of cutting speeds (v c ) and levels of undeformed chip thickness (h m ). A detailed characterisation of the segmented chip morphology over this range is also reported, allowing for an estimation of the shear plane angle and, overall, providing a basis for macro-mechanic modelling of more complex cutting processes. The results are compared with a baseline medical grade titanium alloy, Ti-6Al-4V ASTM F136, and it is shown that the tangential and thrust-force components generated were, respectively, '35% and '84% higher, depending primarily on undeformed chip thickness but with some influence of the cutting speed.
Introduction
Medical grade cobalt-chromium-molybdenum alloys (Co-Cr-Mo) are used for the components of implantable medical devices. This is due to a combination of unique physical and mechanical properties, notably, biocompatibility and high-wear resistance. Typical applications include high-precision components for total knee arthroplasty ( Figure 1 ) and total hip replacement. However, the material properties also significantly determine the machinability of the alloys, albeit under the extreme conditions in cutting with high levels of stress, strain, strain rate and temperature.
The objective of the research now reported is to determine the effect of the control parameters, cutting speed (v c ) and undeformed chip thickness (h m ) on the cutting-force components and chip characteristics in orthogonal cutting of medical grade Co-Cr-Mo ASTM F1537. This will enable determination of the basic cutting-force coefficients and an estimation of the shear plane angle in order to provide a basis for macromechanic modelling of more complex cutting processes.
Thus, after a review of the relevant state-of-the-art, including the applied mechanistic models of the cutting process, the experimental design and methodology are described. The design comprises a full-factorial orthogonal cutting experiment where the results are compared with a baseline medical grade titanium alloy, Ti-6Al-4V ASTM F136. The results are analysed in terms of the main effects on the force components and the cutting-force coefficients at different cutting speeds are thus obtained. The characteristics of the chip morphology are also analysed as a function of the control parameters. The discussion that follows summarises the findings and advances some hypotheses concerning the fundamental mechanisms in cutting.
Literature review
An extensive literature review did not identify papers in the public domain on the fundamental mechanisms in cutting of any medical grade Co-Cr-Mo alloy, other than by the present authors who assessed it as a 'difficult-to-cut' material, referencing physical and mechanical properties and experimentally comparing forces in milling with medical grade titanium Ti-6Al-4V. 2 The composition, microstructure and processing conditions were also described in terms of effects on physical and mechanical properties. The reported full-factorial experiment showed that machining Co-Cr-Mo ASTM F1537 involved equal or higher levels of specific cutting energy over the selected parameter space, compared with Ti-6Al-4V. In Baron and Ahearne, 3 it was first reported that ASTM F1537 Co-Cr-Mo produced segmented chips, found at all levels of cutting speeds (v c ) and undeformed chip thickness (h m ) in a full-factorial orthogonal cutting experiment. The shear localisation (segmentation) frequency depended on both parameters while the ratio of the segment height to the maximum chip thickness was found to decrease with cutting speed.
Mechanistic models of the cutting process enable scientific and informed process development and optimisation-specific process constraints. 4 The tangential F t and the thrust F p components (measured by the dynamometer, see Figure 3 ) can be expressed as a function of the rake angle g 0 , mean undeformed chip thickness h m , width of cut b, shear stress t s , friction angle b a and shear plane angle F as follows 4
The shear stress can be evaluated as follows 4
The friction angle can be evaluated from 4
Using statistical methods of curve fitting, the processmaterial-dependent parameters, t s and F, can be expressed as empirically evaluated functions of uncut chip thickness, h m , and the cutting speed, v c , to extend this model building to more complex cutting operations such as turning or milling outlined in Altintas, 4,5 Fu et al., 6 Davim, 7 Fu et al. 8 and Endres et al. 9 Approximation of the force components often employs the cutting coefficients, K tc and K pc , and the edge/ploughing coefficients, K te and K pe . These are calibrated from a set of cutting trials such that 4,5
The cutting coefficients K tc and K pc can be expressed as 4 K tc = t s cos(b a À g 0 ) sinFcos(F + b a À g 0 ) ð6Þ
In order to evaluate the shear plane angle, an examination of the chip morphology is required. In machining of difficult-to-cut alloys, formation of shear localised (saw tooth) chip is commonly observed. [10] [11] [12] [13] There are two main theories that describe formation of a shear localised (saw tooth) chip:
1. Adiabatic shear 2. Fracture and re-welding Independent of the theory, the formation of a shear localised chip can be generalised into two stages. During the initial phase, the material is deformed until the value of strain and strain rate produces the onset of localised shearing or initiates crack propagation. In the second phase, the newly formed segment is pushed out alongthe newly developed shear plane (see Figure 2 ). 14, 15 This segmentation occurs at workpiecerelative intervals of length p which translate to chiprelative intervals of p c . The value of the instantaneous shear plane angle F i at the beginning of the upsetting phase will be smaller than the final F but will increase to 'u seg at the end of the upsetting phase. 14, 15 With increasing cutting speed, the value of u seg approaches F. Detailed characterisation of the chip morphology over a range of cutting-control parameters allows for first-order approximation of the shear angle F when cutting involves formation of a shear localised chip. 14, 15 Based on above discussion, it is evident that the mechanics of the chip formation depend on the tool/ material characteristics and the cutting parameters. This process can be experimentally modelled by an approach as now follows in order to enable scientific analysis of more complex cutting operations.
Experimental method
In order to determine the cutting-force coefficients for the ASTM F1537 Co-Cr-Mo and compare it with ASTM F136, a full-factorial orthogonal cutting experiment was performed. The tangential F t and thrust F p force components were measured and recorded at discrete levels of the control parameters: cutting speed(v c ) and mean undeformed chip thickness (h m ). Table 1 shows the applied levels and the otherwise-fixed process and machine parameters for ASTM F1537 Co-Cr-Mo.
The control parameters (v c and h m ) selected for titanium were based on comparable material removal rates in an overlapping range of v c = 25 and 70 m/min and h m = 10, 30 and 60 mm. The cutting parameters were selected as per the tool supplier's recommendations 16 and included the range used by our industry partner. The experimental programme reported in Baron and Ahearne 3 validated the used cutting parameters and the capabilities of the setup with integrated force-measuring system.
The experiments were carried out on a HAAS TL2 CNC lathe. Forces were recorded using a forcemeasuring system comprising a Kistler type 9272 dynamometer, a Kistler 50019 charge amplifier, a NI DAQ PAD 6251 data acquisition card and LabView software. The DAQ PAD sampling rate was set to 500 kHz. The setup is shown in Figure 3 . The dynamometer was cross-calibrated off the machine on a Hounsfield tensometer and found to conform within 5% of the Hounsfield measurements over the range from 0 to 4 kN. In order to measure the force components in the required ranges, and with the required frequency response, the Kistler dynamometer was integrated in the tool-fixture assembly. The average of the cuttingforce components, under steady-state cutting conditions, was estimated from a minimum of three chuck revolutions.
The cutting speed and the undeformed chip thickness were confirmed through measurement and comparison of the workpiece diameter (before/after the cut) with the number of chuck revolutions recorded by a proximity switch. A Kistler type 8762A5 accelerometer with experimentally verified useful frequency of 30-5500 Hz was used to detect machining chatter. Because the dynamometer has the natural frequency of '1.5 kHz, a digital low-pass filter of 1.5 kHz was applied to the force profile before the average forces were evaluated.
Samples of the chips were retained, mounted in epoxy resin, ground and polished. A microscopic examination measured the average segment length (p c ) and the segmentation angle (u seg ), as shown in Figure 2 . 3, 14, 15 The results concerning the chip segmentation frequency reported in this work include the results previously reported in Baron and Ahearne. 3 Thus, the control parameters for the chip segmentation frequency and the segmentation angle reported in this work are v c : 25, 36, 40, 48, 60, 70 and 90 m/min and h m : 10, 30, 60 and 90 mm.
Results and analysis
The mean values of thrust force (F p ) and tangential force (F t ) per width of cut (disc width) for the Co-Cr-Mo and Ti-6Al-4V alloys are presented in Table 2 . The results for both alloys are plotted and compared in Figures 4 and 5 .
It is evident that the mean values of both cuttingforce components increase with the undeformed chip thickness and in all cases are higher for Co-Cr-Mo F1537. At low values of the undeformed chip thickness, the mean value of the thrust-force component (F p ) was generally higher than the tangential component (F t ), for Co-Cr-Mo and Ti-6Al-4V. This may be attributed to the size effect where the undeformed chip thickness (h m = 10 mm) was smaller than the cutting edge radius (r b = 14 mm).
The slope of F p and F t versus h m appears to be relatively independent of v c , with the exception for Co-Cr-Mo at v c = 60 and 90 m/min. A two-factor analysis of variance (ANOVA; without replication) of the results indicates that the effect of h m on the cutting force is significant at both the 95% and 99% confidence levels. However, the same analysis indicates that speed has no effect with 95% level of confidence. Interestingly, the same ANOVA, for thrust force, shows a significant effect of h m at the 95% level but not at the 99% level while, again, the effect of speed is not statistically significant (at the 95% level). The slope of F t versus h m changes at v c = 60 m/min, h m = 70 mm and at v c = 90 m/min, h m = 45 mm, respectively. This was confirmed by repeats at and near the transition points (machining chatter occurred at v c = 90 m/min and h m = 10 mm, so that this result was omitted). The results obtained allowed for determination of the cutting coefficients K tc , K te , K pc and K pe . These coefficients and the coefficient of determination r 2 are presented in Table 3 . Notwithstanding that the mean value of the cutting force had no statistical dependence on the cutting speed (at the 95% level), the values of K tc and K pc are seen to increase in the table with the cutting speed, while the edge coefficients K te and K pe decrease with increasing cutting speed. Linear regression was applied to express K tc , K te , K pc and K pe as follows providing an equation for the mechanistic cutting force model with the following inputs: cutting speed v c , undeformed chip thickness h m and width of cut b. The computed values for K tcv , K tcv , K tcv , K tcv and w tcv , w tcv , w tcv , w tcv are given in Table 4 . Examination of the chip morphology has a shown that the Co-Cr-Mo alloy formed the characteristic, shear localised (saw tooth) chip, such as the example on Figure 8 , under all tested conditions. The geometric characteristics of the chip were uniform and reproducible. The chip features were in good correlation with v c and h m . The observed presence of a crack between consecutive segments suggests that the chip was formed by a crack initiation mechanism as described in Zhang et al. 17 The segmentation frequency was found to be proportional to v c and inversely proportional to h m . This is not only due to increasing cutting speed but also due to decreasing segment spacing p c . The chip segmentation ratio (h s =h c ) was found statistically independent of h m and decreased with the cutting speed v c . Examination of the chip segmentation frequency found that it primarily dependent on v c as previously shown by the authors in Baron and Ahearne. 3 The data obtained was used to evaluate u seg (u seg 'F). Figure 6 presents a surface plot for u seg versus v c and h m . A two-way ANOVA ( Table 5 ) has shown that 1. The segment spacing p c and u seg depend on both the cutting speed v c and the undeformed chip thickness h m within 95% confidence levels. 2. The segmentation ratio (h s =h c ) depends on the h m with no significant statistical dependence on the v c .
Given that the cutting tool was in full engagement along the width of the workpiece, the effect of the control parameters on surface roughness would not be applicable to conventional turning or milling. The influence of h m and v c on the surface roughness and the surface integrity will be investigated during a commenced research programme into the mechanisms of the tool wear in continuous cutting of Co-Cr-Mo.
Conclusion
Based on this experimental investigation into the cutting forces in orthogonal turning of ASTM F1537, it may be concluded that 1. The evaluated cutting-force coefficients K tc and K pc for ASTM F1537 Co-Cr-Mo alloy are lower than for Ti-6Al-4V at v c . 60 m/min; however, in this range, the F t is on average '35% higher while F p is '100% higher. This is due to higher ploughing/edge coefficients, K te and K pe , of ASTM F1537 alloy. 2. The cutting forces in orthogonal cutting of ASTM F1537 and ASTM F136 were found to be primarily dependent on the undeformed chip thickness. 3. The empirical cutting-force coefficients for a mechanistic cutting force model were evaluated and reported. 4. For ASTM F1537, a disproportionate increase in the tangential and thrust force was found at elevated cutting speeds and high mean undeformed chip thickness levels. This may be attributed to strain-hardening properties of Co-Cr-Mo. This will be a subject of future research. 5. In orthogonal cutting of the Co-Cr-Mo alloy, a segmented (saw tooth) chip formation was observed where its geometry was found to significantly depend on v c and h m . The chip segment height h s was found to decrease as v c increases. Response surface plots characterising the chip morphology were presented (Figure 7 ). 6 . In cutting of Co-Cr-Mo of ASTM F1537 standard, a shear localised chip is proposed to be formed by a crack-initiation mechanism. This crack originates at the free surface and propagates towards the tool tip as shown in Figure 8 .
Future work will investigate the effect of control parameters h m and v c on the tool-wear rates, surface roughness and surface integrity in turning and milling. 
